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Hysteresis cycles (HCs) exist in magnetic, optical, electronic, mechanical, chemical, and biological systems. This phenomenon not only is of fundamental and mathematical interest but also can be important in some applications such as all-optical switches and memory devices. Optical bistability (OB) has been studied extensively in two-level alkali atoms within optical resonators.
1,2 OB was further explored in three-level atomic systems, in which multistable and unstable behaviors were observed. 3, 4 For OB in an input-output field intensity plot for atomic or semiconductor systems, the HC is observed normally when the cavity input field is scanned adiabatically. 5, 6 The HC can have a nonzero area even within the limit of zero sweeping rate of the input field; we then say that such a system exhibits a static HC. When the amplitude of the cavity input field is varied slowly but not quite adiabatically, with a sweeping frequency ⍀, the shape and area of the HC can have significant changes, which yield a dynamical HC. 7, 8 Such a dynamical HC is due to the nonadiabatic variation of the input field, which causes a delay in transition to the upper state of the HC. The extra area (known as a dynamical hysteresis area) acquired in the hysteresis loop is due to the instability of the system. The static hysteresis features of OB have been well established, but dynamical hysteresis is still a field of continuing investigation because of some unresolved issues. Dynamical hysteresis is important in several physical situations. For example, in magnetic and optical switching devices, areas of such HCs provide power dissipation by repetitive switching at a frequency ⍀. It has been shown by a one-dimensional theory of dynamical hysteresis in experiments with bistable semiconductor lasers 7, 9 that the shift of switching points and the area of the HC scale as two-thirds power of the switching frequency. Recently a dynamical HC was demonstrated in warm Rb vapor by use of resonantly enhanced Raman generation without an optical cavity. 10 Here we experimentally investigate the dynamical HC of an OB system that comprises rubidium atomic vapor in a three-level ⌳-type configuration contained inside an optical ring cavity with a much wider range of sweeping frequency ͑⍀͒. This experimental system exhibits electromagnetically induced transparency (EIT) and can have enhanced nonlinearity even at low light intensities. 11 Analytical calculations of the dynamical HC by use of a switched bistable system have been reported in the literature. 7, 8 Such a system is described by a particle in a quartic double-well potential with a periodic driving force whose dynamical equation is given by
where a and b are constants and control parameter G͑t͒ = E sin͑⍀t͒. Also, E is chosen to be large enough that the system is repeatedly going past the turning points. A physical justification of Eq. (1) has been provided by the longitudinal mode bistability of a semiconductor laser in terms of quartic potential. 12 Another physical justification of Eq. (1) has been given for a nonlinear polarization model that describes dispersive bistability. 13 Parameters a and b are identified as cavity frequency detuning and third-order nonlinear dispersion parameters, respectively. 13 In the EIT system considered here the third-order nonlinear dispersion or parameter b is given by the following expression 11 :
where ␥ = ͑␥ 21 + ␥ 23 + ␥ 31 ͒ /2. ␥ 21 and ␥ 23 are the spontaneous decay rates of excited state ͉2͘ to ground states ͉1͘ and ͉3͘, respectively; ␥ 31 is the nonradiative decay rate between the two ground states [ Fig. 1 
(a)];
N is the atomic number density; 21 is the transition matrix element between states ͉1͘ and ͉2͘; F = ␥ − i⌬ P + ͉͑⍀ C ͉ 2 /4͒ / ͓␥ 31 − i͑⌬ P − ⌬ C ͔͒; ⍀ C is the Rabi frequency associated with the coupling laser field; and ⌬ P = P − 12 and ⌬ C = C − 32 are the probe and the coupling laser frequency detunings, respectively. According to Ref. 7 , the area of the dynamical HC obeys the scaling law A͑⍀͒ − A͑0͒ ϰ ⍀ 2/3 within the limit of ⍀ → 0, where A͑0͒ is the area of the static hysteresis loop. This prediction fits well the experimental measurements of the bistable semiconductor laser system. 9 In Ref. 8 a general scaling law for the area of a dynamical HC is given for small ⍀ as A͑⍀͒ϳ⍀ ␤ , such that the exponent ␤ → 1 as ⍀ → 0 but otherwise ␤ Ͻ 1. The scaling law for larger ⍀ has been predicted to be A͑⍀͒ϳ1/⍀ as ⍀ → ϱ.
Using the parameters ⌬ C , N, optical cavity detuning, etc., one can control the absorption, dispersion, and nonlinearity of such a three-level atomic system well, owing to induced coherence or quantum interference. 11 Control of normal OB in such an experimental system was shown previously in Ref. 14. We now proceed to demonstrate control of a dynamical HC by varying the sweeping frequency ⍀ of the cavity driving field.
The three-mirror optical ring cavity shown in Fig.  1(b) contains an atomic-rubidium vapor cell with Brewster windows that was heated to approximately 65-70°C. To shield the atomic system from stray magnetic fields we wrapped the vapor cell with a -metal sheet. The free spectral range of the optical cavity is ϳ822 MHz, and the finesse with the atomicvapor cell inside the cavity is ϳ45 (far from atomic resonance). One of the cavity mirrors is mounted upon a piezoelectric transducer such that the desired scanning and locking of the optical ring cavity can be easily achieved. The probe beam ͑ P ͒ interacts with atomic transition 12 Rb atom, but it does not circulate in the cavity. The tunable-diode lasers (Hitachi HL7851G) used here for the probe and the coupling transitions were both temperature and current stabilized with extended cavity feedback. 15 To measure ⌬ P and ⌬ C we employed a saturation absorption spectroscopy setup along with a Fabry-Perot interferometer. The optical ring cavity was locked by another frequency-stabilized diode laser.
To observe OB from the system of the optical ring cavity [ Fig. 1(b) ] we set the probe laser's frequency near the desired atomic transition ͑ 12 ͒ and then tuned the coupling laser to another transition ͑ 23 ͒ of the ⌳-type system such that the EIT condition was fulfilled. We scanned the cavity across its resonance by applying a ramp to the piezoelectric transducer mounted upon mirror M3. The cavity transmission peaks were symmetric when the cavity field frequency was far from atomic transition frequency 12 but became asymmetric once the probe and the coupling laser fields were tuned near resonance, indicating enhanced Kerr nonlinearity. 11 The optical cavity was then locked to the reference laser, and the electro-optic modulator scanned the intensity of the cavity input field with triangular-shaped driving pulses. We monitored the output intensity of the cavity with respect to the input intensity to study the HC at different sweeping rates. For OB to be observed, ⌬ P or (and) ⌬ C should be nonzero, and with a reasonable coupling power we observed typical OB with a very low sweeping rate ͑⍀ ϳ 100 Hz͒. At low ⌬ C , typical absorptive OB appeared, but, as ⌬ C or ⌬ P increased, dispersive-type OB behavior showed up.
However, as the sweeping rate of the cavity's input field was increased with other parameters unchanged, the shape of the HC changed dramatically. In Fig. 2 we display dynamical HCs from the threelevel ⌳-type system of rubidium atoms under the ex- Fig. 2(b) ] because the limit point was delayed, or, in other words, the system displayed a delay in making the transition to the upper state of the bistable curve. The increase in area for this regime of ⍀ values (0.5-1.5 kHz) followed the scaling laws A͑⍀͒ ϰ ⍀ 2/3 to approximately within the experimental uncertainties, which matched well the prediction of Refs. 7 and 8. There was a decrease in the area of dynamical HC in Fig. 2 (c) compared with that in Fig.  2(b) with a further increase in the sweeping rate. However, after a certain ⍀ value the shape of HC changed dramatically [ Fig. 2(d) ]. The hysteresis loop area then increased with ⍀ again [ Fig. 3(a) ]. As sweeping rate ⍀ was further increased, the shape of the dynamical HC continued to change in an interesting manner [ Fig. 3(b) ], and then the hysteresis loop area decreased by following the asymptotic scaling law A͑⍀͒ϳ1/⍀ as ⍀ → ϱ [Figs. 3(c) and 3(d)]; i.e., the dynamical hysteresis loop area approached zero at high sweeping rates. 8 Such behavior is due to a dynamical cutoff or to an imbalance between the sweeping time period ͑ϳ1/⍀͒ and the mean dwell time in one state. 16 The hysteresis loop was observed in the bistable system because the system stayed in the metastable minimum of the quartic potential. As the sweeping rate increased, the system did not get enough time to stay in either of the metastable states, so the HC area vanished. The observed dynamical HC behavior at low and high ⍀ limits followed the predictions of existing scaling laws 7, 8 qualitatively quite well. However, at intermediate ⍀ values the behaviors (shape and area) of the observed dynamical HC could not be described by the existing theories based on simple models.
In conclusion, the dynamical HC of a three-level EIT system shows interesting behavior as a function of the sweeping frequency of a cavity input field. More theoretical studies are needed for full understanding of such dynamical HC phenomena. Our experimental investigations with such a simple atomic system could help to control hysteresis behavior for potential applications in all-optical switches, optical transistors, and optical memory devices. Such dynamical optical bistability could be achieved in condensed-matter systems, 17, 18 which are most practical for all-optical switching applications.
